Kinetic hybridization measurements on a microarray are expected to become a valuable tool for genotyping applications. A method has been developed that enables kinetic hybridization measurements of PCR products on a low-density microarray. This is accomplished by pumping a solution containing PCR products up and down through a porous microarray substrate. After every pumping cycle, the fluorescently labeled PCR products hybridized to capture probes immobilized on the solid surface of the porous microarray substrate are measured. By this method, both binding curves and high-resolution melting curves are obtained instead of the single endpoint hybridization intensities as with commonly used post-PCR array-based hybridization techniques. We used 20 subtypes of the human papillomavirus (HPV) as a model system to test our detection method and blindly analyzed 216 clinical samples. We compared our microarray flowthrough method with a reference method, PCR followed by a reverse line blot (RLB). Real-time hybridization measurements followed by high-resolution melting curves of low concentrations of fluorescently labeled HPV targets on a microarray were successfully carried out without any additional chemical signal amplification. The results of our new method were in good agreement (93%, with a kappa coefficient of ‫؍‬ 0.88 [95% CI, 0.81 to 0.94]) with the RLB results. All discrepant samples were analyzed by a third method, enzyme immunoassay (EIA). Furthermore, in a number of cases, we were able to identify false-positive samples by making use of the information contained in the kinetic binding and melting curves. This clearly demonstrates the added value of the use of kinetic measurements and high-resolution melting curves, especially for highly homologous targets.
PCR-based methods allow for the rapid, cost-effective, and automated diagnosis of pathogens and have become a powerful tool in microbiology and virology during the last decade (6) . Real-time PCR makes the simultaneous detection of a number of targets possible. In practice, this number is limited to around six targets because of the spectral overlap of the different fluorophores that have to be discriminated in a single reaction mixture volume. One way of detecting more targets in parallel is by splitting the sample into several separate PCR volumes and performing different multiplex PCRs on each volume. However, especially in the case of low target concentration, splitting sample volumes increases the risk of target copy numbers being below the limit of detection. Therefore, the number of times that a sample can be split should be limited.
For the parallel detection of a larger number of different PCR products, a separate, post-PCR detection step is a suitable alternative. Several post-PCR techniques exist to detect amplified PCR products, generally based on hybridization assays. They have the advantage that the multiplex assays have higher target capabilities than real-time PCR. Genotyping is especially necessary for highly homologous targets, such as the human papillomavirus (HPV), for which over 100 different types have been identified. The types can be divided, based on their phylogenetic relationship and their presence in benign or malignant cervical lesions, into high-risk and low-risk types (3) . Different molecular techniques exist to identify HPV DNA or RNA, and a number of post-PCR tests are commercially available. With a broad-spectrum PCR, many different HPV types can be amplified in one sample using a single primer pair. Costs and labor are therefore reduced compared to those necessary to run specific amplifications in parallel. Different broad-spectrum HPV PCRs are available, including GP5ϩ/ GP6ϩ (11, 16) , MY09/11 (7) , and CPI/IIG (15) .
Post-PCR genotyping tests for the determination of a specific virus type are important because molecular epidemiology clearly indicates that certain human papillomavirus types are the principle cause of invasive cervical cancer, which is the second most common cancer in women worldwide (5, 11, 17) . This kind of test is frequently performed by a hybridization assay. One established technique is the reverse line blot (RLB), which captures and detects specific subtypes on a membrane support. This method has been proven to be suitable for the identification of specific HPV types and the detection of multiple infections (10, 16) but has the disadvantage of being laborious and time consuming. Other commercially available tests include the Linear Array HPV genotyping test (Roche Diagnostics), the INNO-LiPA HPV test (Innogenetics NV), and the PapilloCheckTest (Greiner Bio-One GmbH), all using a general primer PCR followed by a hybridization detection. Furthermore, a test has been developed based on a general primer PCR followed by hybridization with type-specific oligonucleotide probes coupled to fluorescently labeled Luminex polystyrene beads, making the differentiation of to up to 100 different targets possible (14) .
Other tests aim to identify a high-risk infection only by using either enzyme immunoassay (EIA) tests (Digene; Qiagen) (3) or cocktails of group-specific detection probes (Amplicor; Roche Diagnostics). RNA-based tests are also available, e.g., bioMérieux and Norchip offer a nucleic acid sequence-based amplification (NASBA) test that detects the expression of the E6/E7 viral oncogenes.
One commonality of all available DNA detection tests is a sequential hybridization and detection step. This results in a single endpoint intensity measurement. Discrimination between aspecific and specific binding is difficult. Despite stringent washing conditions, cross-hybridization is still known to occur and is one of the main causes of false-positive results (4, 13) . An advantage of real-time PCR is that some of the detection chemistries used (e.g., intercalating dyes or detection probes like molecular beacons) allow for a post-PCR highresolution melting curve analysis the gives additional information on specificity (18, 22) . Especially for highly homologous targets like HPV, additional information on melting temperatures, like that obtained in real-time PCR, is valuable to reduce false positives, but it cannot be obtained with the currently available methods.
In this paper, we describe in detail a method that combines the dynamic measurements of real-time PCR with the high multiplex detection capability of the post-PCR hybridization arrays.
We have developed a method that integrates microarray hybridization and detection and evaluated this kinetic hybridization method for genotyping applications. With this system, PCR products are pumped up and down through a porous microarray substrate (membrane) at a controlled temperature. During binding (hybridization) and the subsequent unbinding (melting), the fluorescence pattern is imaged after every pumping cycle. By concatenating these images, the kinetics of hybridization and melting can be followed in detail over time. We have investigated the use of this method for genotyping applications and have chosen HPV as a model system, due to the method's relevance for discriminating different HPV variants. As a benchmark for this genotyping analysis, we used the reverse line blot. This system is technically the most identical because the same substrate material and the same primer sets are used. Both methods also allow the processing of sample types such as cervical tissue and could therefore be used in a feasibility study that included this sample type.
MATERIALS AND METHODS
Sample selection. For optimization of the microarray performance, HPV PCR products obtained from clinical samples with known HPV types, as well as HPV 16 PCR products obtained from human cervical SiHa cell lines, were used.
Subsequently, clinical samples with unknown HPV infections were first analyzed by using the EIA and the RLB methods. Based on the outcomes of these tests, 180 samples were selected to be analyzed by the microarray flowthrough method for the evaluation of the kinetic measurements. The 180 samples were divided into three sample groups consisting of 60 samples each. The first group had yielded contradictory results between EIA and RLB or had shown the presence of multiple infections. The second group consisted of cytological cervical cell suspensions that showed borderline atypical squamous cells of undetermined significance or that mild dyskaryosis. A third group of samples included DNA from formalin-fixed, paraffin-embedded cervical intraepithelial neoplasia grade I (CIN I) and CIN II tissues. Each group also included a number of samples that were HPV negative based on the outcome of the EIA or RLB. Furthermore, each sample group contained a total of 12 sample processing controls and PCR blanks for quality control. In total, 216 samples were included in this study.
Sample pretreatment. Cytological cervical cell suspensions in Preserv-Cyt fixative (ThinPrep; Cytyc, Marlborough, MA) were centrifuged, and after removal of the supernatant, the remaining pellet was put into 180 l lysis mix (containing 3.3 mg/ml proteinase K from a proteinase K high pure PCR template preparation kit [Roche Diagnostics, Basel, Switzerland]) in proteinase K buffer (10 mM Tris-HCl [pH 7.5] and 0.5% Tween 20 [Sigma-Aldrich, St. Louis, MO]). After mixing, the samples were incubated in a block heater for 1 h at 56°C. The samples were boiled and centrifuged for 1 min at 8,000 ϫ g.
The formalin-fixed, paraffin-embedded tissue samples were pretreated as described previously (16) , using an overnight incubation at 37°C with the lysis mixture as described above.
PCR. All pretreated samples were subjected to a DNA quality check by amplification of ␤-globin by using the primers PCO 3 and PCO 5 for PCR, previously described in reference 2. For HPV detection, 10 l of the pretreated sample was subjected to PCR in a 50-l reaction mixture volume using the general primers GP5ϩ/GP6ϩ in a 9700 thermal cycler (Applied Biosystems, California) with the PCR program described in reference 16. These primers anneal to a homologous region of the HPV types (16) . For the microarray analysis, the GP6ϩ primer was labeled with cyanine-5 dye (Cy5) (Biolegio, Nijmegen, Netherlands), whereas for the RLB, the GP6ϩ primer contained biotin.
Microarray manufacturing. Biodyne C membranes (Pall Biosupport, East Hills, NY) were punched into 12-mm circular pieces and laser welded onto nylon rings to facilitate handling and processing. The membranes were activated by incubation for 10 min at room temperature with a 16% 1-ethyl-3-dimethylamino propyl carbodiimide hydrochloride (EDC) solution (Sigma-Aldrich, St-Louis, MO). After a short rinse with Milli-Q water, the membranes were dried and then positioned on a single-nozzle inkjet printer (12) . 5Ј-Amine-functionalized oligonucleotide capture probes (all high-performance liquid chromatography purified; Biolegio, Nijmegen, the Netherlands) were dissolved in print buffer (60 mM NaHCO 3 buffer, pH 8.5) to a concentration of 40 M. Each spot of the microarray was built up with 400-picoliter print fluid. The final spots, containing the capture probes attached to active groups on the inner surface area of the membrane, were formed by evaporation of the solvent. Each fluid was printed in triplicate for purposes of redundancy.
After printing and drying, the remaining active groups on the membrane were deactivated by an 8-min incubation with 0.1 M NaOH. The final step of the array manufacturing procedure was blocking the surface for 5 min at 50°C using a 2ϫ SSPE-0.1% SDS blocking solution (1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA, pH 7.7) and then incubating it for 1 min with a 20 mM EDTA solution at pH 8.0.
Microarray flowthrough optimization. The microarray flowthrough method was optimized for the concentrations of the printed capture probe fluids, capture probe sequences, and hybridization conditions. The capture probe sequences for the RLB, originally published in reference 16, were adapted for the microarray analysis to make use of the "position-of-label" effect (21) . The hybridization sequences were chosen such that the position of the capture probe was close to the 5Ј end of the amplicon containing the fluorophore, which can account for a considerable increase in hybridization signals, especially for short capture probes as used in this study (20) . All designs were evaluated by using the database of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov) and checked for homology by using BLAST. They were subsequently evaluated for analytical sensitivity and specificity by hybridization of 2 nM PCR product of each HPV type on an individual microarray that contained spots of both the RLB and the position-of-label capture probes. Sensitivity was addressed by comparing the spot intensities of the RLB and the new microarray oligonucleotide sequences of each HPV type. All final sequences obtained during this optimization were used in further experiments and are given in Table 1 . In total, 20 different HPV types were considered in this study; all of the high-risk HPV types were used, including a number of suspected high-risk types which we categorize as high risk (HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, and 82). We also used a number of low-risk types (HPV 6, 11, 26, 53, and 66) that are the most prominent low-risk HPV types known today.
The overall sensitivities were assessed based on hybridizations of dilution series of PCR products and were compared with those of RLB.
Microarray flowthrough detection and analysis. The volume containing the PCR products was diluted in Milli-Q water to 100 l. The PCR products were denatured by heating the samples up to 95°C for 5 min and placing them on ice. The samples were diluted in 400 l of hybridization buffer, with a final buffer composition of 1.9ϫ SSPE and 0.08% SDS. Figure 1 shows a schematic of the flowthrough device. The porous microarray substrate was positioned between a so-called upper flow chamber and a lower flow chamber. Not shown are the means to apply pressure to the contents of either the upper chamber or the lower chamber to force the solution through the porous microarray substrate. Prior to hybridization, the solution was preheated to the hybridization temperature of 42°C. During hybridization, the solution was forced to flow through the membrane up and down from one chamber to another about 30 times at a rate of 1 cycle per minute.
During the time the solution was flowing through the porous microarray substrate (membrane), the fluid containing the fluorescently labeled PCR products was in direct contact with the capture probes on the membrane and hybridization could occur. The fluorescence intensities of the spots were measured from above using a charge-coupled-device (CCD) camera (Sony) and an illumination system with four red light-emitting diodes (LEDs) (LXHL-MD1D Lumileds; Philips) and optical filters (XF 1069; Omega Optical) suitable for the excitation and detection of the Cy5 dye. After each pumping cycle, at the moment when all the fluid was below the membrane in the lower flow chamber and no fluorescent liquid was on top of the membrane (minimizing background signal), the microarray spot pattern was imaged. For each HPV spot type, the fluorescence intensity was measured once during each pumping cycle, and thus, the cumulative fluorescence intensity during the whole hybridization process could be followed over time. The setup is described in detail in Fig. 1 (8) . This procedure allowed for (semi) real-time hybridization kinetics measurements without washing. After the hybridization step, melting curves were obtained by slowly increasing the temperature from the hybridization temperature of 42°C to 95°C at a rate of 1°C/minute, allowing for chemical and thermal equilibration (9) . During melting, the mixture was pumped up and down through the membrane at one cycle per minute. The assay conditions were optimized for the hybridization buffer composition, temperature, and pressure levels. Kinetic hybridization curves and melting curves were obtained by plotting the spot intensities as a function of time and temperature, respectively. Melting temperatures were determined at the temperature where the spot intensity equalled 50% of the original signal.
The total analysis time for a 27-cycle hybridization curve and a subsequent melting curve measurement of 53 measurement points thus takes 80 min, much faster than the RLB, which needs several hours for hybridization and detection.
The background-corrected intensities (following the procedure described in reference 12) of three corresponding spots were averaged. A cutoff value of three times the standard deviation was used. The identification of the HPV type was initially based on the level of the hybridization signals at the endpoint. Melting 16 . RLB makes use of a Biodyne C membrane (Pall Biosupport, East Hills, NY) onto which many different capture oligonucleotides were immobilized in rows by using a miniblotter MN45 (Immunetics, Cambridge, MA) in house. Each oligoprobe had a sequence complementary to one particular HPV type that was being detected. Perpendicular to the rows of deposited probes, up to 45 different biotin-labeled PCR products, as well as additional negative and positive controls and internal quality controls, were pipetted into parallel channels. After hybridization of the PCR products with the capture probes, the hybridization products were made visible by incubation with antibiotin conjugates and measured with enhanced chemiluminescence detection (ECL).
EIA. The EIA was performed as previously described (3, 16) . In the EIA, checking for infection with high-risk or low-risk HPV is done by incubation with a cocktail of group-specific detection probes. The low-risk cocktail contained probes for low-risk types in addition to those in the microarray or the RLB, namely, HPV 34, 40, 42, 43, 44, 54, 55, 57, 61, 70, 71, 72, 81, 83, and 84. Furthermore, HPV 73 and 82 were part of the low-risk cocktail while being considered high risk throughout the analysis described in this paper.
RESULTS
The position-of-label effect, as described previously (21), explains the increase of the hybridization intensity when the capture probe is located closer to the fluorophore that is attached to the amplicon. We evaluated this effect in our study. The data collected clearly show that positioning the hybridization site of the amplicons and, thus, the capture probe closer to the fluorophore indeed increases signal intensity. The results in Fig. 2 show this effect, with the design of different capture probes of the HPV 16 amplicon as an example. In order to rule out any specific involvement of the Cy5 dye, additional experiments were performed with Alexa Fluor 633-labeled PCR products, which resulted in the same trend.
To make optimal use of this effect, we have accordingly redesigned all 20 capture probe designs originally described in reference 16 . Sixteen of the 20 capture probe sequences indeed showed improved hybridization signals. A few of these new sequences, however, showed cross-hybridization, and therefore, the capture probe sequences of HPV 6, 45, and 51 were redesigned. For the other sequences showing cross-hybridization, specificity could be increased by increasing the stringency of the hybridization conditions (optimization of buffer conditions). The optimized capture probe sequences used in our experiments are listed in Table 1 . Figure 3 shows both the binding curves and the high-resolution melting curves obtained when 2 nM PCR product of a mixture of HPV 68 and 73 was incubated on the microarray. The left graph shows kinetic hybridization curves. It is clear that the dots containing capture probes for HPV 33, 35, and 51 also give positive signals because of cross-hybridization. During the first few cycles, the cross-hybridization signals indeed increase, while during later cycles, the spot intensities decrease, which is a characteristic feature for competitive hybridization (1, 20) . Based purely on the fluorescence levels obtained at the endpoint, after cycle 27, discrimination between matching and nonmatching oligonucleotides is not possible. The right-hand graph shows the different melting curves: the perfect matches clearly have a higher melting temperature than the nonmatching oligonucleotides. Only after evaluation of the melting curves can it be concluded that cross-hybridization to HPV 35 and HPV 51 is the cause of false-positive hybridization signals. Furthermore, the kinetic hybridization measurements show that HPV 33 cross-hybridization disappears over time.
The kinetic hybridization curves can be used to estimate binding kinetics. Based on the Langmuir model for adsorption, the apparent association constant can be calculated, assuming that the dissociation constant is much lower than the product of the association constant and the target concentration. This value is equal to 7.10 5 liters ⅐ mol Ϫ1 s Ϫ1 , which is nicely in line with values found by others (8, 20) . This shows that these kinetic curves give a reasonable understanding of the hybridization process and can be used for optimization thereof.
The analytical sensitivity of the flowthrough method, depending slightly on HPV type, was found to be around 100 pM, which is comparable to the sensitivity of the RLB. This means that the flowthrough method allows for endpoint PCR without chemical signal amplification as needed with the RLB. Therefore, washing and additional chemical processes are eliminated, reducing time and costs. Figure 4 shows the hybridization curves and melting curves of a typical clinical sample. The flowthrough analysis confirmed the triple HPV infection found by reverse line blot analysis (HPV 18, 51, and 53). As HPV 45 has a high homology The gain in hybridization intensity is plotted against the number of nucleotides that separate the label from the site where the amplicon is attached to the capture probe. The intensity for the capture probe that is the furthest away from the fluorophore is set at a value of 1. Comparison of the data for the Cy5-labeled and the Alexa Fluor 633-labeled PCR products supports (dye-independent) improvement in hybridization intensity when using capture probes complementary to the region close to the fluorophore. The relatively large scatter of the data is partly caused by small differences in melting temperature.
to these three HPV types, this specific hybridization curve was added to show the high specificity of the method. The melting curve analysis afterwards delivered melting temperatures of 52, 54, and 51°C for HPV 18, 51, and 53, respectively, which is fully in agreement with the theoretical values that were calculated based on the hybridization sequences. Table 2 shows the overall results of the analysis of the 216 samples, as well as the results for each of the three subgroups, for both the RLB and the microarray method. Group 1 contained the samples with many HPV infections, including a total of 15 double or triple infections. This was confirmed by the microarray flowthrough method. Group 2 and 3 contained more HPV-negative samples, again in agreement with the results of the microarray. The results for these groups are representative of the numbers of positive samples found in practice with these sample types.
Overall, the outcomes of the two different methods do match: 93% agreement is found between the two methods, with a Cohen's kappa coefficient () of 0.88 (95% CI, 0.81 to 0.94), showing a very high level of agreement (Table 3) . In each group, the results of the two measurement methods were not fully in line with each other in a number of cases. This number was the highest in group 1, which can be explained by the high number of multiple infections in this group: in almost half of these discordant cases, part of the diagnosis was still correct, but not all the HPV subtypes were detected by both methods.
As all data on melting temperatures were available for each microarray analysis, it is possible to extract a melting temperature for each individual hybridization. We investigated whether a potential relationship exists between the concentration of a specific PCR product present in the sample and the associated melting temperature. We did not find such a correlation within the range of concentrations as obtained after the amplification step. Next, we compared the melting temperature with the average melting temperatures of the same HPV type for each sample and investigated the samples where there was a difference larger than 2°C. We identified 2 cases (10%) where cross-hybridizations occurred on the flowthrough microarray, and these cases could thus be identified correctly. As no melting temperatures can be obtained from RLB analyses, it is not possible to identify whether there are any cross-hybridizations on the RLB leading to any discrepancies.
Other reasons for discrepancies can be explained by differences in detection method and threshold value. In the flowthrough method, the cutoff was set to three times the standard deviation. In three (15%) of the discordant cases, the flowthrough method gave signals just above the cutoff value.
Overall, in 12 of the 180 cases, the differences between the A further comparison with the EIA method was made with the 12 samples that gave contradictory results in the microarray flowthrough method and the RLB. The raw data for each sample for the three different methods are presented in Table  4 . In 7 samples, the RLB method was in full agreement with the EIA. In 4 of these 7 cases, the signals obtained in the EIA were just above the cutoff value. In the remaining 3 samples, a high intensity was obtained in the EIA, whereas the microarray did not detect the infection.
In 3 of the samples, the RLB gave a negative result that was in contrast to the results for the flowthrough method and the EIA, where a high-intensity HPV infection was identified. Also, in 2 samples, the EIA found additional low-risk HPV infections with a weak intensity.
In order to compare the reverse line blot and our new flowthrough principle, we investigated which method was more efficient in detecting an HPV infection in the same sample set. In Table 5 , each HPV infection is classified as being detected either by both methods or by only one. Most HPV types were detected by both methods. There are no indications that one detection method is more sensitive than the other for the detection of a specific HPV type, and failed detections are randomly distributed rather than systematically found for specific HPV types.
DISCUSSION
In this study, we have investigated the added value of measuring the binding kinetics and melting curves of PCR products to and from capture probes immobilized on a microarray. As a model assay, we have used genotyping of the human papillomavirus, of which over 100 different types are known. Molecular epidemiology clearly indicates that infection with certain human papillomavirus types is the main factor involved in the development of cervical cancer, which is the second most common cancer in women worldwide (5, 11, 17) . The detection of HPV is hampered by a high number of homologous targets, which are known to cross-hybridize on a microarray.
The method described in this paper combines, on the one hand, the advantages of microarrays and, on the other hand, the high-resolution melting of real-time PCR (18, 22) as originally developed by Idaho Technology, Inc. (Salt Lake City, UT), and now commonly applied in an increasing number of real-time PCR machines. Our method enables real-time fluorescence detection on a microarray during hybridization and melting. It allows for increased multiplex detection compared to the number of targets possible in real-time PCR, as the detection of the different targets is spatially separated on a solid surface. Our method is especially suitable for highly homologous targets, like HPV, or single nucleotide polymorphism (SNP) detection, since a high-resolution melting curve is part of the detection protocol.
First, we have optimized the sequences of the hybridization probes in order to take advantage of the position-of-label effect (21) . This led to considerably increased hybridization signals, and we were thereby able to obtain sensitivities comparable to the analytical sensitivity of the reverse line blot (100 pM) without the need for additional signal amplification methods, such as incubation with antibiotin conjugates and enhanced chemiluminescence detection, as used in the RLB.
The kinetic curves, including the high-resolution melting curves, give additional understanding of the hybridization process. First, they provide more information on specificity than an endpoint hybridization measurement, which is standard in the tests available on the market today (e.g., INNO-LiPA HPV test or PapiloCheckTest and the Linear Array HPV test). References 14 and 20 stress the problem of cross-hybridization, which can lead to undesired false-positive results. It has been shown that cross-hybridizations can have a large influence on the hybridization kinetics, as well as the expected spot intensity levels. Furthermore, the ratio between perfect matching spots and mismatching spots changes over incubation time, both with hybridization and with subsequent washing steps. The kinetic measurements of the flowthrough method enable better discrimination between perfect match and mismatch hybridizations. In addition to this, dynamic curves can also be used for process optimization in terms of binding kinetics and minimization of potential cross-hybridization.
In this study, we have presented the analysis of 180 clinical samples with unknown HPV infections; we were able to identify a number of false-positive results solely on the basis of the melting curves. The outcomes of these measurements were compared with the results of the reverse line blot. Overall, there was an agreement of 93%. The lowest numbers were found in the sample group which contained a high number of For the microarray flowthrough analysis as presented here, we have used an analytical threshold value based on three times the standard deviation of the noise levels. This should be further optimized, also taking into account the clinical relevance. The flowthrough method has the additional possibility of using a dynamic threshold value, depending on the specific application, which might exclude clinically nonrelevant false-positive results.
We have compared all the results of the discordant samples with the results obtained by a third measurement method, which was the EIA. In 25% of these discordant samples, the flowthrough method obtained results similar to those of the EIA, whereas in 58% of the discordant samples, the EIA confirmed the results of the RLB. In the remaining 2 samples, the EIA found additional low-risk types next to a high-risk type, as was also found in the RLB. From the analysis given in Table 4 , it seems that the flowthrough method is slightly less sensitive than the RLB, as negative results were found more often. It should be mentioned, however, that in a number of cases (4 out of 7) where the microarray did not detect an infection, the EIA intensities were very low (slightly above the cutoff value of 0.2), which might indicate a low viral load in these samples. In addition to this, in a number of the cases of discrepancies, multiple infections were present. It is not possible to use the same PCR products for the microarray method as are used with the RLB or EIA, as the RLB needs a biotinlabeled primer and the flowthrough method a Cy5-labeled primer. Therefore, a separate PCR was needed for the microarray-based assay. The mutation-tolerant GP5ϩ/GP6ϩ PCR generally gives low concentrations of PCR products because this PCR is optimized to amplify all HPV types in a single run, thereby sacrificing endpoint concentration. As the GP5ϩ/GP6ϩ PCR is complex, especially when multiple virus types are present, the concentrations of different HPV types at the end of the PCR can vary. A low viral load or the presence of multiple infections combined with a different PCR can lead 1  1  1  6  6  1  7  11  3  3  16  27  3  1  31  18  13  1  14  26  2  2  31  13  1  2  16  33  9  1  10  35  4  1  1  6  39  2  1  3  45  3  1  4  51  10  1  11  52  5  2  7  53  6  6  56  7  2  2  11  58  5  1  1  7  59  1  1  66  7  7  68  1  1  71  1  1  73  6  1  1  8  82  1  1  2 a In total, 159 HPV infections were detected in 216 clinical samples. GP5 ϩ / GP6 ϩ PCR was followed by both reverse line blot detection and flowthrough microarray detection.
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to slightly different PCR product concentrations, which can lead to detection signals just below or above the cutoff values. This might explain the negative outcomes of the microarray flowthrough method where the EIA/RLB results were positive. For the RLB, the same PCR products were used as for the EIA, and therefore, discrepancies between the results for the RLB and EIA cannot be explained by this reasoning. The microarray method can be further optimized by an investigation of the clinical sensitivity. Furthermore, when comparing this method to the RLB or the EIA, especially in the case of low viral loads, the effect of using different PCRs, as well as differently labeled primers, should be further investigated.
When the results for each genotype are assessed individually, as is done in Table 5 , there are only 4 cases out of 159 where an HPV infection was detected by the RLB while the microarray-based method failed to detect it. We are therefore tempted to conclude that the sensitivities of the RLB and the microarray flowthrough method are comparable.
An advantage of the method presented in this study is that through miniaturization and the use of fluorescence instead of chemiluminescence, the amount of chemicals needed is much lower. No toxic chemicals are used, unlike other detection methods. There is no need for signal amplification steps, which can cause additional variations. All post-PCR steps in the process are integrated into one final automatic hybridization and detection step which lasts just over 1.5 h. The real-time binding and unbinding kinetics can lead to significantly increased understanding and improvement of the assay, as kinetic curves are measured instead of hybridization endpoints. The system can be further improved by a full implementation of the melting curve analysis, thereby automatically identifying false-positive results caused by cross-hybridization.
We conclude that we have shown the added value of the kinetic hybridization measurements and high-resolution melting for genotyping applications. This principle combines the advantages of real-time PCR (multiple measurements instead of an endpoint measurement, and in addition, a high-resolution melting curve) with the high, multiplex detection capabilities of a microarray. As high-resolution melting analysis is becoming increasingly relevant and state of the art in real-time PCR, we would like to stress the added value of kinetic hybridization measurements and melting curves in microarray analysis. Combining the potential of this principle and the good initial results with clinical samples, we believe that this valuable principle enables the improvement of clinical PCRbased diagnostics.
